Introduction
The apparatus and experimental technique which are described in this paper have been developed to determine continuously, automatically, and throughout the life of a plant, if desired, the carbon dioxide exchange and the transpiration in a chamber in which plants are growing under field conditions. This discussion give.s a general resume of our methods, including, first, a description of the equipment; second, illustrations of its application to alfalfa and wheat; third, a statistical analysis of the data, showing the magnitude of the errors and variability involved; and fourth, some interesting observations on the relation of light intensity and temperature to the rate of photosynthesis, respiration, and transpiration, which these methods have made clear.
The lack of an adequate method for the rapid and continuous determination of atmospheric carbon dioxide has been responsible for the somewhat limited employment of the carbon dioxide exchange in the measurement of photosynthesis of plants and respiration of both plants and animals. The best methods available-including the gasometric procedure of BENEDICT (2) ; the volumetric method of JOHNSON and WALKER (5) ; the electrometric method of SPOEHR and MCGEE (8) ; and the gravimetric methods-have left much to be desired either of convenience or accuracy for this purpose. Since the atmosphere contains only 310 parts per million by volume of carbon dioxide, the gasometric and gravimetric methods have been handicapped by insufficient material, and the volumetric and electrometric methods have needed more efficient absorbers to permit the use of larger air samples. The latter need recently has been ifiled by the absorbers of MARTIN and GREEV1 (6) , HEINICKE and HOFFMAN (4) , and THOMAS (9) . A unique method of determining carbon dioxide exchange has recently been devised by McALISTER (7) . After this paper was submitted for publication, a paper by WAUGH (10) appeared, describing a hand-operated conductivity appa- 1 Grateful acknowledgment is made for assistance in carryinig out these investigations PLANT PHYSIOLOGY ratus, based on the same principles as have been employed in the automatic apparatus used in this work. WAUGH refers to a recent paper by HOLD-HEIDE, HUBER, and STOCKER,2 who describe a somewhat similar apparatus.
Description of apparatus We have worked with six-foot square plots of plants growing in the field under as nearly natural conditions as possible. Over these plots is placed a celluloid-covered cabinet, through which measured volumes of air are passed at rates ranging up to several hundred cubic feet per minute. Continuous and simultaneous measurements of the carbon dioxide content of normal air going into the cabinet and coming from it are made. THE CO2 AUTOMETER The carbon dioxide analytical machine or autometer was described in 1933 in Industrial and Engineering Chemistry (9) . A diagram of the essential features of this apparatus is presented in figure 1 , which illustrates clearly the direction of flow of liquid and gas through the system under the control of the cam-operated automatic valves A to T, inclusive. The autometer has two absorbers, employing 0.005 N sodium hydroxide as absorbent. These absorbers are capable of scrubbing out all of the CO2 from a stream of air passing at about 300 cc. per minute. This is accomplished by using a sintered glass disk to break up the air stream into very fine bubbles, and a surface tension depressant-normal butyl alcohol-in the liquid, to cause foaming and thus to prolong the period of contact between the bubbles and the liquid. The progress of the absorption is followed by measuring the electrical conductance of the solution at constant temperature with a recording Wheatstone bridge, making use of the fact that sodium hydroxide solution has about twice the conductance of the equivalent sodium carbonate solution.
A motor and reduction gear system, not shown in figure 1 , operates an air-pump, and also the two camshafts indicated at the top of the figure. The cams open and close the automatic valves in proper sequence so that the aspiration of the absorbers alternates every two minutes, and the absorbing solution is retained for 8 pletely and leave 600 cc. of free space in the other. The mercury, under the control of valves, D, E, I, J, K, and L, flows alternately from one box to the other, thereby dispensing the air sample before it and drawing in a fresh sample behind it. An eccentric on the camshaft raises and lowers one side of the meter on a pivot so that there is never an appreciable hydrostatic head of mercury in either box. The rate of flow of the gas is adjusted by the suction system so that the entire gas sample is withdrawn from the meter in a few seconds less than the 2 minutes allotted for the operation. The PLANT PHYSIOLOGY mercury is then drawn up into the glass capillary tubing above the miieter a distance of about 5 cm., depending on the reduction of pressure in the equalizing bottle, which is controlled by the bleeder valve, until the end of the 2-minute period. The electrical contacts on the gas meter permit the registration on the recorder chart of the fact that the complete sample has been withdrawn.
A cycle consists of 16 2-minute periods, giving 8 samples to each absorber, which retains the same absorbing solution throughout the cycle. In the next cycle the absorbers are recharged with liquid and the source of the samples is reversed. This reversal is accomplished by the valves M, N, 0, P, two of which are open while the other two are closed. The valves Q and R supply the first sample of air from a large reservoir for the initial adjustment of the solution. Thus by averaging two consecutive cycles any slight machine differences between the absorbers or electrodes can be canceled out and an accurate measure of the difference between the CO2 concentrations at the intake and outlet of the plant chamber over a 64-minute period can be obtained. This principle of alternating the source of the air samples is also employed when comparing two plant chambers using two autometers. THE CO2 RECORDER CHART A section of the recorder chart is illustrated in figure 2 . This chart represents the CO2 concentrations at the intake and the outlet of a plant chamber between the hours of 4: 40 P.M. and 8: 15 P.M. on August 6, 1936 . The significance of the record may be understood when it is pointed out that A represents the conductance of the spent solution in the first absorber just before it is drained out, causing the indicated conductance to fall to zero. B represents the corresponding conductance of the second absorber. The conductance of the two fresh and initially-adjusted solutions are shown at C and D. Then the conductance decreases in steps aftea each pair of 2-minute absorptions until the cycle is completed at E and F. These solutions are drained out, the sources of the air samples reversed, and a new cycle commences at G and H. The track at the right margin proves that a full air sample was dispensed for each absorption. At the beginning of a number of the cycles in this chart the source of the samples for the individual absorbers-whether intake or outlet of the plant chamber-is designated. Since the volumes of the absorbing solution and the volumes of the air samples are constant, the displacement of the conductance of the solution from C to E and from D to F represent the concentration of the carbon dioxide in the intake and outlet air respectively. For Figure 3 is a photograph taken September 7, 1936 , of a pair of the plant chambers numbered 7-A and 8. The CO2 exchange of these two plots, which appear to be identical in stand, is presented below. The photograph shows a blower and the 8-inch galvanized pipes leading into the chambers; also tin windows, which permit some access into the interior of the chambers, and the small glass sampling tubes through which samples of intake and outlet 
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air are taken to the autometers for carbon dioxide analysis. A celluloid window is shown on the intake pipe, through which an anemnometer may be read without disturbing the air flow. The exit pipe is just beyond the intake pipe and it also contains an anemometer. These instruments are not removed from the pipes except to interchange them between the different pipes. They are read at frequent intervals and are interchanged daily.
A careful study has been made of the anemomneter readings in order to convert the indicated velocity readings into air volumes. For this purpose it has been necessary to determine the channeling of the air in the pipe and also to determine the relations between the average rates of flow on a given cross-section and the volume of air passing through the pipe. These relations have been determined empirically by passing measured volumes of air through the pipes and measuring the velocities with anemometers under conditions simulating those which obtain in the experimental work. In this way it has been found that the pipe containing the anemometer behaves as if it were considerably smaller than its dimensions would indicate. Since the anemometers do not give a reliable indication at low air velocities the practice has been adopted of placing a rubber collar around the instrument, so as to force all of the air to go through it when small air volumes are used. In this way it is possible to measure small air volumes (1000 liters per minute or less) such as are used at night, with the same precision as the larger air volumes (4000 to 7000 liters per minute), which are employed during the day.
By measuring the volume of air entering and leaving the plant chamber it is possible to determine the leakage in the system. This seldom exceeds 10 per cent. of the total volume, and the air volume employed in the calculations is the mean of the intake and outlet volumes.
Respiration and photosynthesis data ALFALFA The respiration and apparent photosynthesis values of two plots, nos. 7-A and 8, which were measured continuously and simultaneously for 26 days, from September 4 to October 1, 1936, except for 2 days when the equipment had to be used for other purposes, are illustrated in figure 4, charts A on September 5, 12, 25, 26, and 27 were due to intermittent clouds during these days. September 25 and 26 will be referred to again later.
There is a 5-day period between September 19 and 24 in which plot 7-A appears to be less active than plot 8 during part of the day. This condition we believe to be due to failure of irrigation water to penetrate plot 7-A uniformly, wjli the result that one side of the area was appreciably drier than the rest. When this plot was heavily irrigated on September 24 the photosynthesis of the two plots quickly came to close agreement again. The respiration curves are nearly coincident. It will be noted that there is a tendency for the amount of respiration to decrease as the night advances, owing to a lowering of the temperature. In this connection it should be pointed out that no account has been taken in this work of " soil respiration. " A number of observations have indicated that this is a second-order factor, but more work needs to be done on this point. Figure 5 presents the total daily apparent assimilation of a plot of wheat which was under observation from June 6, when the plants were just entering the boot stage, until July 12, when the grain was in the dough stage. This plot consisted of 4 rows of plants with 20 plants in each row. Some indication of the light intensity on the different days is given by the use of letters, which indicate whether the day was cloudless or whether the clouds were light, medium, or dense. On July 8 one row of the plot was harvested to obtain material for analysis and also to establish the amount of plant substance on the plot. Accordingly, on the last 5 days the amount of apparent assimilation has been calculated to a quantity of plant substance comparable with the rest of the experiment, as indicated by the circled points. In spite of the daily fluctuations it is apparent from the chart that the assimilation level of the wheat increases to maximum value at the flowering stage, then decreases through the milk and dough stages. The type of light conditions prevailing on the different days is shown. On July 8 onefourth of the plot was harvested and the subsequent data have been adjusted to the original quantity of plant substance as indicated by the circled points.
When the experiment was discontinued the assimilation level was only about half of the level during the period of maximum activity. At this time the amount of functioning tissue was greatly curtailed due to the senescence. On July 8 55 per cent. of the leaf blades were dead, including 8 per cent. of the apical, 12 per cent. of the second from the top, and 37 per cent. of the third leaf blades. Table II is a balance sheet of growth and carbon dioxide exchange on this plot of wheat. The data are presented in the same form as in table I. It will be observed that the apparent assimilation is considerably lower in the wheat plot than in the alfalfa plot. This is due largely to the fact that there was a considerably smaller amount of functioning tissue on the former. On the other hand, the respiration levels of the wheat and alfalfa are approximately the same, which is probably explained by the fact that the night temperatures during June were higher than the night temperatures in September. It is particularly interesting to note that 83 The data in figure 4 , charts A, B, and C, have been analyzed by recording the difference between the pairs of analyses. The average hourly deviations (without regard to sign) between the two plots, 7-A and 8, ranged on different days from 0.21 gm. to 1.05 gm. during the daytime and from 0.118 gm. to 0.315 gm. during the night. The average daytime value was 0.60 gm., or, if the 5 days when the drought conditions complicated the results are omitted, 0.52 gm., and the average nighttime value 0.18 gm. These deviations represent 1 per cent. to 5 per cent. of the total absorption during the daytime and 5 per cent. to 15 per cent. of the night respiration. If these deviations were entirely due to errors in analysis, their average values would represent machine absorption errors of 0.3 per cent. to 0.5 per cent. in the daytime and 0.7 per cent. at night, i.e., values 1 to 3 times the normal machine error of 0.25 per cent. A similar statistical analysis of another pair of plots amply confirms the values found for plots 7-A and 8. When the hourly deviations are analyzed by FISHER'S method (3) of "t' it is found that the differences are significant on September 19, 20, 22, 23, and 24, when drought conditions probably complicated the results. On only two other days, namely, September 14 and September 29, are the differences significant, and on these two days the absolute values of the differences are negligibly small. Significant differences at night occurred on September 8, 9, 11, 21, and 28, but only on September 11 was the average deviation for the night greater than the average value (0.18 gm. CO2) mentioned above. Evidently these deviations are so small that this equipment should serve to measure extremely small experimental effects.
Influence of light intensity on photosynthesis The influence of variable light intensity due to clouds was strikingly shown on a number of days in figure 4 , charts A, B, and C. Three of these days have been replotted in figure 6 above the curve representing the light intensity as determined with a 10-junction pyrheliometer placed horizontally, and a recording voltmeter. Intermittent measurements of the light intensity with a Weston cell confirmed the values given by the pyrheliometer. The values of the light intensity at normal incidence also have been calculated from the values on a horizontal surface. September 15 was a cloudless day, and the assimilation curves are essentially regular. Their shape is intermediate between the shapes of the light curves at normal incidence and on A striking relationship is illustrated on September 26. The photosynthetic maximum is appreciably higher than normal. This appears to be associated with the large fluctuations in light intensity due to frequent obscuring of the sun with clouds. It has frequently been noted that higher than normal apparent assimilation levels are reached when the sun is intermittently obscured by clouds for a few seconds to one or two minutes. This is probably due in part to a lower leaf temperature with attendant lower respiration. It may also be due in part to the orientation of the chloroplasts.
Incidentally it should be pointed out that in addition to the assimilation values of plots 7-A and 8, those for plot 5 also have been placed on the graphs as unconnected crosses. The concordance is excellent, not only in full light, but also in cloud shadow, and particularly so considering the fact that plot 5 is a different variety of alfalfa, and the plants are somewhat older. to grow, the plants being [6] [7] [8] inches high. Part of the plants are shaded early in the morning and late in-the evening by the base of the cabinet, so that the beginning of assimilation is retarded in the morning and its completion hastened in the afternoon. The upper curve represents a full-grown plot at about the same time, with the plants about four feet tall. The center curve represents the latter plot when the plants were 18 inches high. It is interesting to note that the assimilation level is only twice as great in the plot with plants 48 inches tall and having 3.6 times the weight of leaves, as in the plot with plants 6-8 inches tall, due, at least in part, to a larger proportion of shaded leaves under the fully illuminated surface leaves on the larger plot.
The chart on the right illustrates three more or less comparable plots at approximately monthly intervals. This chart shows the effect of the shorter day, but indicates about the same maximum apparent assimilation level regardless of the fact that the maximum angle of incidence of the sun on September 29 was 47.5°as compared with 66.50 on August 4. Indeed, the apparent assimilation level on the later date was somewhat higher than on earlier dates which was probably a reflection of a lower rate of respiration due to lower temperature.
In figure 8 , the effect of clouds in reducing the assimilation level is illustrated. It will be seen that there is no appreciable reduction in the It is probable that the equipment is capable of better performance than this. The shapes of the transpiration curves are similar to those of the carbon dioxide curves, except that the former are more pointed and definitely skew, reaching their maximum on a cloudless day at about 2 P.M. There is obviously a close correlation between the rate of transpiration and the temperature, particularly during the day, when the temperature curves are also correspondingly skew. At night the response of transpiration to temperature is less noticeable, though definite. This is due to several causes: first, stomatal closure at night; second, reduction of the air volume -passing through the plant chamber to 30 per cent. of the daytime volume; and third, lowering of both the vapor pressure of water and its temperature coefficient when the temperature is lowered. In any case, the graphs show clearly that both transpiration and respiration fall off progressively as the night advances along with the lowering of the temperature.
It should be noted that the outlet temperature exceeds the intake temperature during the morning, but during the afternoon and night the reverse is true. The cooling effect of transpiration is thus manifested at night, and also in the afternoon when evaporation removes more energy from the system than is added by solar radiation. In the morning, when the temperature is lower, the input of radiant energy exceeds the outgo through evaporation. Summary 1. This paper describes apparatus designed to measure continuously and automatically, the carbon dioxide exchange and the transpiration of plants growing under natural conditions.
2. The carbon dioxide analytical machine or autometer, with its most recent improvements, is briefly described, and a typical section of the recorder chart is presented to show how the apparatus operates.
3. This equipment has been used to measure simultaneouslv and continuously the carbon dioxide exchange on two similar plots of alfalfa over a period of 26 days. The hourly values of respiration and photosynthesis of the two plots are plotted. Data summarizing the daily apparent assimilation values of a plot of wheat covering a period from the boot stage to the dough stage are also presented. 4 . The alfalfa curves show that two similar plots give closely concordant responses to the environment, both as to respiration and photosynthesis. The two curves are analyzed statistically, and it is evident that the apparatus may be used to measure very small effects of an experimental treatment.
